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Abstract
The biological significance of STK17A, a serine/threonine kinase, in the liver is not known.
We analyzed STK17A expression in HepG2 cells and human liver tissue. Accordingly, we
investigated whether STK17A could help in identifying earlier changes during the evolution
of chronic rejection (CR) after liver transplantation. RT-PCR and immunofluorescence were
used to analyze STK17A expression in HepG2 cells. Antibody microarray was performed
using human liver samples from CR and healthy donors. Immunohistochemistry was used
to verify the clinical utility of STK17A on sequential biopsies for the subsequent develop-
ment of CR. A novel short isoform of STK17A was found in HepG2 cells. STK17A was local-
ized in the nuclei and bile canaliculi in HepG2 cells and human livers. Microarray of STK17A
revealed its decrease in failed liver allografts by CR. During the evolution of CR, the staining
pattern of bile canalicular STK17A gradually changed from diffuse linear to focal intermit-
tent. The focal intermittent staining pattern was observed before the definite diagnosis of
CR. In conclusion, the present study was the first to find localization of STK17A in normal
bile canaliculi. Abnormal expression and localization of STK17A were associated with CR
of liver allografts since the early stage of the rejection process.
Introduction
Serine/threonine kinase 17A (STK17A), also known as death-associated protein kinase-related
apoptosis-inducing protein kinase 1 (DRAK1), is a member of the death-associated protein
kinase (DAPK) family [1–4]. Originally, STK17A was cloned from a human placenta cDNA
library [2]. While its catalytic domain is related to that of DAPK, STK17A lacks a death domain
and a Ca2+/calmodulin regulatory domain [2]. STK17AmRNA expression in the liver has been
shown by Northern blotting analysis, although the expression was seen to be relatively lower
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than in other tissues, and its biological significance in the liver has not been studied [2]. We
recently found that STK17A was expressed in the human hepatocellular carcinoma cell line
HepG2, forming bile canaliculi in vitro. An association has been reported between bile canalic-
uli network formation/maintenance and kinases, such as liver kinase B1 (LKB1) and adenosine
monophosphate (AMP)-activated protein kinase (AMPK) [5,6]. A recent report has indicated
that DRAK in Drosophila regulates the actin dynamic in vivo and plays a role in signaling net-
works that shape epithelial tissue [7]. Given the role of DRAK in cell structure as well as its
localization, we investigated whether STK17A could clarify the bile canalicular changes during
the evolution of chronic rejection (CR) after liver transplantation.
The recognition and control of liver allograft rejection has undergone clear improvement;
nevertheless, CR remains a serious cause of allograft dysfunction and consequent graft loss [8–
12]. This is partly due to the classical presentation of graft dysfunction, which occurs less com-
monly during the first post-transplant year, with more cases having an indolent but progressive
course over a period of several years before manifestation of CR [8–12]. There is no specific
anti-CR drug; therefore, re-transplantation is the standard treatment for advanced cases [9].
The mechanisms of CR are still incompletely understood and the etiology is multifactorial [9].
Many factors exacerbate CR, such as acute or recurrent rejection [8,10,11,12], viral infection
[13], antiviral therapy [14,15], and low levels of immunosuppression [13,15]. Currently, CR is
thought to be caused by cellular as well as humoral immunity [9–11,16,17].
The diagnostic features of CR in liver allografts include obliterative lesions in medium-sized
and large arteries, which are rarely seen in needle biopsies, and loss of interlobular bile ducts
from>50% of portal areas [9,10]. Bile duct loss in>50% of portal areas represents a late stage
of CR and is likely to be irreversible [9,10]. However, symptoms may be reversed if the bile
duct loss is limited to<50% of the portal areas [9,18]. The early, reversible stage of CR is char-
acterized by inflammatory and degenerative changes of the biliary epithelium, even before
detection of evident bile duct loss [9,10,19]. Since loss of bile ducts in<50% of portal areas or
degenerative changes of bile ducts are also seen in other conditions, including bile duct stenosis
or duct damage due to hepatic artery thrombosis, it is important to have a consistent clinical
picture and to recognize the histological features of CR in order to make a diagnosis of CR
[10]. Therefore, biomarkers closely associated with CR would be helpful for understanding the
mechanism, as well as for identifying early changes in the progression of CR.
In the current study employing HepG2 cells, we found a new location for STK17A in bile
canaliculi. Accordingly, using antibody microarray and immunohistochemistry, we provide
evidence about alteration of STK17A expression during CR after liver transplantation. Our
findings indicate that alteration in the expression pattern of STK17A in bile canaliculi during
the progression of CR may help identify early stages of the disease.
Materials and Methods
cDNA sequence
HepG2 cells were provided by the RIKEN BioResource Center (Tsukuba, Ibaraki, Japan)
through the National Bio-Resource Project of the Ministry of Education, Culture, Sports,
Science and Technology (MEXT), Japan. The cells were maintained in minimum essential
medium (Life Technologies, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum
(Thermo Fisher Scientific Inc., Waltham, MA, USA) and antibiotics/antimycotics (Life Tech-
nologies) at 37°C in a 5% CO2 incubator.
Total RNA from the HepG2 cells was prepared using TRIzol (Life Technologies) according
to the manufacturer's method with subsequent RQ1 RNase-free DNase treatment (Promega,
Madison, WI, USA) and transcribed into cDNA with the SuperScript III cDNA Synthesis Kit
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(Life Technologies). A STK17A cDNA fragment was amplified in the reaction mixture contain-
ing Promega GoTaq Master Mix by PCR with 30 cycles of denaturation at 95°C for 45 seconds,
annealing at 59°C for 45 seconds, and extension at 72°C for 1 minute. The following primer set
was used: GAACACCATGATCCCTTTGG and GTGCCTTTTCCATCCTGAAA. The cDNA
fragment separated in agarose gel was recovered and cloned using the pGEMT Easy Vector
System (Promega). A DNA sequence reaction was carried out using the BigDye Terminator
ver 3.1 Cycle Sequencing Kit (Life Technologies), and the resulted fragments were analyzed on
the 310 Genetic Analyzer (Life Technologies). The prediction of alternative splicing sites was
carried out by the Alternative Splice Site Predictor (http://wangcomputing.com/assp/index.
html) [20].
Immunofluorescence imaging
HepG2 cells cultured on cover-chamber (Matsunami Glass Ind., Ltd., Osaka, Japan) were fixed
with 4% paraformaldehyde in phosphate buffer and permeabilized with 0.01% Triton X-100 in
phosphate buffered saline. Fixed cells were stained with anti-human STK17A monoclonal anti-
body (Abcam, Cambridge, UK) and detected with Alexa Fluor 488-labeled anti-mouse IgG
(Life Technologies). F-actin staining was carried out with Alexa Fluor 594 phalloidin (Life
Technologies). The nuclei were visualized with DAPI. Fluorescence imaging analysis using the
Leica TCS SP8 laser scanning microscope (Leica Microsystems GmbH, Wetzlar, Germany)
with photon counting mode was performed at the Medical Research Support Center, Graduate
School of Medicine, Kyoto University, which was supported by the Platform for Drug Discov-
ery, Informatics, and Structural Life Science from the MEXT, Japan.
Protein microarray analysis
Protein was extracted from frozen liver tissue, and candidate marker proteins for CR diagnosis
were identified by using the Panorama Antibody Microarray XPRESS Profiler 725 Kit (Sigma-
Aldrich, Tokyo, Japan). The GenePix 4400A scanner (Molecular Devices, Tokyo, Japan) and
Array-Pro Analyzer ver. 4.5 (Media Cybernetics, Nippon Roper, K.K., Tokyo, Japan) were used
for quantile normalization of samples to obtain a protein level expression file. Unpaired Stu-
dent’s t-test was performed to identify the significantly (P<0.05) increased or decreased
expression between donor livers (N = 20) and failed allografts due to CR (N = 5).
Western blot analysis
Frozen liver tissue specimens from failed liver allografts due to CR and healthy donor livers
were homogenized in lysis buffer (20 mM Tris, pH 7.4, 2 mM EDTA, 150 mMNaCl, 0.5% Tri-
ton X-100, and 1 μl of protease inhibitor cocktail). Samples were centrifuged and supernatants
collected for total protein content analysis by the bicinchoninic acid method (BCA Protein
Assay Kit; Thermo Fisher Scientific, Inc.). Equal amounts of protein extract from each sample
were separated by electrophoresis on 10% sodium dodecyl sulfate-polyacrylamide gels and
then transferred to polyvinylidene difluoride membrane (BIO-RAD, Hercules, CA, USA).
Blots were blocked at room temperature (RT) for 10 minutes in 5% skim milk in phosphate
buffered-saline containing 0.05% Tween 20 (PBST) containing 0.05% Tween 20 and then incu-
bated overnight at RT in primary antibody (rabbit polyclonal anti-human STK17A; Sigma-
Aldrich, St-Louis, MO, USA). The membrane was washed three times with PBST and incu-
bated at RT for 180 minutes with secondary antibody (goat anti-rabbit IgG- HRP, Santa Cruz
Biotechnology, Dallas, TX, USA). The protein bands were visualized with a chemiluminescence
substrate (Thermo Fisher Scientific, Inc.), and images were obtained using Ez-Capture MG
(Daihan Scientific Co., Ltd., Gangwon-do, South Korea). Membrane was stripped in 0.2M
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NaOH and reprobed with monoclonal anti-beta-actin antibody (mouse monoclonal, Abcam).
Visualized bands were analyzed using the CS Analyzer (Atto Corporation, Tokyo, Japan).
Human liver tissue and immunohistochemistry
Human liver tissue was harvested at re-transplantation from 5 failed liver allografts due to CR,
and from sequential biopsies from 5 pediatric liver transplant recipients with clinically and his-
tologically established CR. For sequential biopsy specimens, those taken before, at the time of,
and after the diagnosis of CR were included. Healthy donor livers in each case that were taken
before liver transplantation were also examined (N = 10). The cases and data were collected
from the archive of the pathology department of Kyoto University Hospital. The specimens
were selected from those obtained between 2006 to 2014.
Liver biopsy specimens or explanted liver tissue from re-transplantation were fixed in 10%
buffered formalin. The paraffin-embedded specimens were sliced 3 μm thick, and stained
either with H&E, Masson’s trichrome, or cytokeratin 7 (clone OV-TL 12/30, DakoCytomation,
Glostrup, Denmark; 1:200 dilution). Immunohistochemical findings were assessed together
with allograft histology and liver function tests. Rejection was diagnosed according to the Banff
criteria [2]. The liver specimens were stained with STK17A antibody (anti-DRAK1 antibody,
rabbit polyclonal, Sigma-Aldrich, St. Louis, MO, USA, 1:100 dilution). The well-characterized
bile canalicular marker, bile salt export pump (BSEP) antibody (Clone F-6, mouse monoclonal,
Santa Cruz Biotechnology, 1:100 dilution), was added for comparison. The REAL EnVision/
HRP detection system (DakoCytomation) was used to detect immunohistochemical signals. In
addition, a series of 9 biopsy specimens from 3 pediatric patients who had acute cellular rejec-
tion (ACR) episodes that subsequently resolved was also examined. The liver allograft biopsies
were performed according to protocol or to determine the cause of allograft dysfunction. All
sample collection and use of clinical records were performed under the written consent of
patients and/or their families, and the study was conducted according to the principles
expressed in the Declaration of Helsinki. The Ethics Committee of Kyoto University approved
this study (E2374).
STK17A immunohistochemical staining evaluation
STK17A staining was considered positive when linear continuous or discontinuous staining of
bile canaliculi was identified with a 40 × objective lens. Then, a semiquantitative approach was
applied; staining of>50% of the area of the needle biopsy core was defined as diffuse, while
staining of<50% was defined as focal. Liver sections from healthy liver donors served as posi-
tive controls. A negative control consisted of replacing the anti-STK17A antibodies with an
equivalent concentration of normal rabbit serum.
Bioinformatic analysis of STK17A
The nuclear localization signal in STK17A was searched by a cNLS mapper [21]. The protein
structure of STK17A was predicted by I-TASSER [22]. Amino acid alignment of the C-terminal
region of STK17A with bile canalicular proteins (MPR2 and BSEP) was conducted by MAFFT
version 7 [23].
Results
A novel short isoform of STK17A in HepG2 cells
The STK17A gene is mapped on chromosome 7 and is composed of 7 exons. Primers for
reverse transcription-polymerase chain reaction (RT-PCR) were designed to cover all exons.
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The forward primer locates on Exon 1 and the reverse primer on Exon 7. In analyzing the
expression of STK17AmRNA in HepG2 cells, a novel short isoform was detected by RT-PCR
unpredictably. We observed an approximately 100-bp smaller band compared to the full-
length STK17A fragment, although its expression level was much lower (Fig 1A). The DNA
band was excised from the gel and cloned into a vector for the sequence analysis. The result
revealed that this band was a novel short isoform of STK17A lacking 102 nucleotides comprised
of whole Exon 5 and a part of Exon 6, estimated to lack 34 amino acids, as shown in Fig 1B.
The end of the skipped sequence was AG, a well-characterized acceptor site for alternative
splicing [24]. Indeed, a computational prediction of STK17A alternative splicing showed that
the position at 945 bp in the full-length mRNA sequence (cctttcttagGCAATGATAA, Gen-
Bank: 109255144) was an acceptor site [20].
The short isoform still seems able to localize at the nucleus due to the classical monopartite
nuclear localization signal (NLS) at amino acid position 91-FMRKRRKGQD by the cNLS map-
per [21]. Moreover, the short isoform was predicted to have a different structure in 2D and 3D;
that is, the secondary structure prediction by I-TASSER [22] showed a structural difference at
the C-terminal region (Fig 2A). Although it was not in the kinase domain region, it can never-
theless cause conformational change in the 3D structure (Fig 2B). Then, we focused on the C-
terminal region. The amino acid alignment study between STK17A and the well-characterized
bile canalicular proteins MRP2 and BSEP using MAFFT version 7 [23] showed weak sequence
similarity (Fig 2C). Although no bile canaliculi localization signal sequence has been reported,
this region can be a possible site for such localization.
STK17A localization in the liver
As HepG2 cells are known to form bile canaliculi in two dimensional culture [25], we investi-
gated the distribution of STK17A in HepG2 cells by immunofluorescence staining. STK17A
was detected in the nuclei and slightly in the cytosol, as seen in Fig 3A. The lumens of the bile
canaliculi were filled with microvilli. The bile canaliculi were visualized by fluorescence-labeled
Fig 1. A short isoform of STK17A in HepG2 cells. (A) Polymerase chain reaction (PCR) of STK17A in
HepG2 cells. The white arrowhead shows the band of the short isoform. (B) Schematic cDNA structure of a
novel isoform of STK17A. The underlying cDNA sequence is lacking in the STK17A short isoform.
doi:10.1371/journal.pone.0136381.g001
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phalloidin, an F-actin binding peptide from the Amanita phalloidesmushroom. STK17A was
found to surround bile canaliculi in HepG2 cells (Fig 3A). In high-power viewing, STK17A
accumulated around the bile canaliculi more heavily than around the nuclei. Confocal Z-stack
images were collected at 0.29-μm intervals. Z-stack images of HepG2 cells showed staining at
the nuclei as well as the apical membrane of the bile canaliculi. Bile canalicular networks were
seen at the bottom and top images (Fig 3B). Immunostaining of liver sections from healthy
donors with anti-STK17A antibody clearly visualized the nuclei and bile canaliculi (Fig 3C-2
and 3C-4). In contrast, the bile duct epithelial cells in the porta hepatis had positive signals
only in the nuclei, but not in the apical side. This is the first evidence that STK17A localizes
selectively in bile canaliculi in the liver. The negative control study demonstrated an appropri-
ate staining result (Fig 3C-1).
STK17A down-expressed in failed liver allografts due to CR
We employed antibody microarray technology to identify biomarkers for early detection of CR
after liver transplantation. Liver samples from 20 healthy donors (median age 33, range 20~66
years) and 5 failed allografts due to CR (median age 25 years at the time of re-transplantation,
range 18~38 years) were utilized as a discovery set for antibody microarray. Eight proteins
were recognized, 5 were 2-fold down-expressed and 3 were 2-fold high-expressed in failed allo-
grafts due to CR compared with donor livers (Table 1). Remarkably, STK17A expression was
2-fold down-expressed in failed allografts due to CR. This reduction was confirmed byWestern
blot analysis, its densitometric level of STK17A (Fig 4A and 4B), and immunohistochemistry
(Fig 4C). The STK17A band intensity was weaker in the failed liver allografts due to CR than in
the donor liver samples. STK17A staining in the failed allografts was rare, and bile canaliculi
were more severely destroyed than in normal livers.
Alteration of STK17A during CR after liver transplantation
To further investigate any clinical consequences for STK17A in CR of liver allografts, immuno-
histochemistry for STK17A was performed on a total of 52 sequential liver biopsy specimens
from 5 pediatric patients with clinically and histologically established CR and their correspond-
ing donors. The clinical and demographic characteristics of these patients are shown in
Fig 2. Structure of the short isoform of STK17A. (A) Secondary structure of the short isoform as predicted
by I-TASSER. (B) 3D structure of the short isoform as predicted by I-TASSER. (C) Amino acid alignment
between STK17A and well-characterized bile canalicular proteins shown by MAFFT version 7.
doi:10.1371/journal.pone.0136381.g002
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Table 2. The median time from transplantation to the diagnosis of CR and from the diagnosis
of CR to the last available follow-up biopsy was 101 days (range 21~401 days) and 1167 days
(range 29~1285 days), respectively. Patient 2 lost her graft on postoperative day (POD) 176
Fig 3. Bile canalicular localization of STK17A in HepG2 cells and human liver. (A) HepG2 cells are
stained with anti-STK17A antibody (green). DAPI (blue) and phalloidin (red) are used as counterstaining for
nuclei and F-actin, respectively. Fluorescence images are captured using laser scanning confocal
microscopy. The arrowhead shows STK17A surrounding bile canaliculi in HepG2 cells. Scale bar: 10 μm. (B)
Z-stack series of bile canalicular STK17A in HepG2. Scale bar: 5 μm. (C) Formalin-fixed paraffin-embedded
human liver section stained with anti-STK17A antibody. (1) Negative control. Scale bar: 20 μm. (2) Low-
power view of STK17A staining at the porta hepatis and hepatic lobules. Scale bar: 250 μm. (3) At the porta
hepatis, bile duct epithelial cells have positive signals in the nuclei but not in the apical side. Scale bar: 25 μm.
(4) Hepatocyte nuclei and bile canaliculi are positive for STK17A in the hepatic lobules. Scale bar: 25 μm.
doi:10.1371/journal.pone.0136381.g003
Table 1. List of candidate proteins with 2-fold difference between donor livers and failed grafts due to
CR by antibodymicroarray.








Ciliated Cell Marker 2.070
CR, Chronic Rejection
doi:10.1371/journal.pone.0136381.t001
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due to CR. Most probably, it was a transition from severe ACR to CR. The patient was re-trans-
planted from her mother, and a follow-up biopsy on POD 2062 showed only mild cholangitis.
The remaining 4 patients developed persistent CR, but none developed graft failure at the last
available follow-up biopsy. All patients had variable degrees of ACR before the diagnosis of
CR. In the early course of CR, liver function was impaired in all patients. Notably, persistent
CR was not accompanied by elevation in transaminases, except for alkaline phosphates that
remained elevated during the entire course of CR.
For CK7 staining (Fig 5, right panels), the interlobular bile ducts in normal condition are
characterized by an intraportal location, parallel to an arteriole, with a well-defined lumen, and
lined by cuboidal epithelium. There were atrophic bile ducts with no well-defined lumen at
POD 80 and POD 101 in patient 1, for which a definite diagnosis of CR could not be made. A
definite diagnosis of CR was made when>50% of the portal area was lacking an identifiable
interlobular bile duct (no CK7 staining within the portal area). At CR, CK 7 highlights numer-
ous stained periportal hepatocytes, which may reflect ductopenia [26].
For STK17A immunohistochemistry (Fig 5, left panels), the staining pattern on bile canalic-
uli was at first solid, linear, and continuous, but became faint and split as CR developed. The
area of STK17A staining was changed from diffuse to focal (Table 2). This change was observed
before clinical and histological signs of CR and even before detectable bile duct loss on CK7
staining. A discontinuous, split, and focal staining pattern persisted throughout the course of
CR. This was accompanied by noticeable bile duct loss. We believe that an alteration in
STK17A immunohistochemical staining during the evolution of CR reflects bile canaliculi
morphological changes. Intermittent and faint staining was accompanied by canaliculi widen-
ing and damage.
Fig 4. Confirmation of STK17A down-expression in failed allografts due to chronic rejection (CR). (A)
Representative Western blot of a healthy donor liver and a failed liver allograft due to CR. This confirms the
finding from the antibody microarray analysis that STK17A is downregulated in failed liver allografts due to
CR. (B) Relative intensity level of STK17A normalized to that of beta-actin. The means of three independent
experiments of normal liver samples and failed allografts due to CR (n = 3, each) were compared. Each bar
represents mean ± SEM. (C) Immunohistochemistry for anti-STK17A antibody. Focal bile canalicular staining
of failed allograft due to CR in contrast to healthy donor liver, which shows diffuse, linear staining. Arrows
represent bile canaliculi. Scale bar: 20 μm.
doi:10.1371/journal.pone.0136381.g004
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Diffuse staining of STK17A in resolved ACR
Since CR usually evolves from an episode of ACR that is resistant to immunosuppression ther-
apy, it is possible that the ACR process may have triggered the abnormal staining pattern of
STK17A in CR. The biopsy time of resolved ACR cases ranged from POD 10~1112, with a
median of 87 days. All patients were transplanted due to biliary atresia and received ABO-com-
patible/identical grafts. Eight of the nine biopsies showed diffuse linear staining. There was no
significant difference in the STK17A staining range before and after resolution of ACR (Fig 6);
Table 2. Demographic, clinical characteristics, and IHC findings of serial biopsies of CR cases.
Case POD Histological diagnosis T.Bil (0.3~1.3 mg/dl) STK17A (BC) CK7 (BD)
Original disease [Recipient age at LT; gender], Donor
1 Fulminant hepatic failure [7 months; male], mother (ABO-C)
6 ACR1, Steatosis 1.7 C, D Normal
55 ACR2 0.3 C, D Normal
72 ACR2 0.5 C, D Normal
80 ACR1 0.6 Dis, Fo Duct atrophy
101 ICV, Early CR 0.4 Dis, Fo Duct atrophy
318 CR, Early 0.5 Dis, Fo Duct loss, 50%
430 CR, Early 0.3 Dis, Fo Duct loss, 30%
559 CR, Early 0.5 Dis, Fo Duct loss, 25%
Follow-up: No graft loss at POD 941
2 Biliary atresia [12 months; female], father (ABO-I)
9 ACR0, Cholestasis 4.6 C, D Normal
15 ACR2, Cholestasis 8.6 Dis, Fo Duct damage
21 CR, Late 17.3 C, Fo Duct loss, 67%
27 CR, Late 19.9 Dis, Fo Duct loss, 60%
36 CR, Steatosis 12.5 Dis, Fo Duct loss, 80%
50 CR, Persistent 17.4 Dis, Fo Duct loss, 75%
Follow-up: Graft failure at POD 176 due to persistent CR
3 Hepatoblastoma [43 months; male], mother (ABO-C)
41 ACR1, Steatosis 10% 4.6 C, D Ductular reaction
47 ACR2, Cholangitis 5.4 C, D Ductular reaction
54 ACR2, Early CR 9.6 Dis, Fo Duct loss, 30%
70 CR, Late 12.6 Dis, Fo Duct loss, 80%
96 CR, Late 6 Dis, Fo Duct loss, 70%
119 CR, Persistent 3.4 Dis, Fo Duct loss, 50%
166 CR, Late 3.5 Dis, Fo Duct loss, 88%
371 CR, Late 1.9 Dis, Fo Duct loss, 55%
421 Bile duct atrophy 2.9 Dis, Fo Duct loss, 33%
513 CR, Late 5.5 Dis, Fo Duct loss, 67%
636 CR, Late 2 C, Fo Duct loss, 90%
741 CR, Late 1.2 C, Fo Duct loss, 67%
869 Cholangitis, CR 2.6 Dis, Fo Duct loss, 50%
960 s/o CR 2.1 Dis, Fo Duct loss, 72%
1070 CR, late 1.2 Dis, Fo Duct loss, 62%
1175 CR, Late 0.7 Dis, D Duct loss, 60%
1259 CR, Late 0.7 Dis, Fo Duct loss, 50%
1339 CR, Late 0.9 C, Fo Duct loss, 80%
Follow-up: No graft loss at POD 1637
(Continued)
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however, there were variable degrees of bile canaliculi widening and damage after ACR. These
changes were less than that observed during the course of CR.
BSEP immunohistochemistry
For comparison between traditional bile canalicular markers and STK17A staining, we stained
normal livers, failed allografts due to CR, and serial biopsies during CR with BSEP. The stain-
ing patterns were nearly similar to STK17A, except no nuclear staining in BSEP (Fig 7).
Discussion
In the present study, we found a new short isoform of STK17A in HepG2 cells. This isoform
lacks 34 amino acids. According to the amino acid sequence alignment in DAPK/myosin light-
chain kinase (MLCK)/triple functional domain protein (TRIO) family kinases, these 34 amino
acids compose segment VIII in the catalytic domain, which is highly conserved in the DAPK
family [2,27]. D245 is speculated to be a key amino acid anchoring the regulatory spine. The
defective fragment in the STK17A short isoform contains the responsible sequence for regulat-
ing the conformational change for forming the enzyme-substrate complex in the TRIO family
[1]. Indeed, the structural difference between the full-length and the short isoform was
Table 2. (Continued)
Case POD Histological diagnosis T.Bil (0.3~1.3 mg/dl) STK17A (BC) CK7 (BD)
4 Biliary atresia [11 months; female], father (ABO-C)
12 ACR0 1.2 C, D Normal
76 ACR1 0.3 Dis, Fo Normal
92 ACR1 0.7 Dis, Fo Normal
159 ACR0, EBV+ 1.5 Dis, Fo Normal
204 ACR1, Cholestasis 0.1 Dis, Fo Normal
395 Lobular inﬂammation 6.1 Dis, Fo Duct damage
401 s/o CR 5.8 C, Fo Duct loss, 20%
435 CR, Early 1.7 Dis, Fo Duct loss, 28%
708 CR, Late 0.8 C, Fo Duct loss, 78%
1066 CR, Late 0.6 C, Fo Duct loss, 69%
1591 CR, Early 0.5 Dis, D Duct loss, 40%
Follow-up: No graft loss at POD 1591
5 Tyrosinemia [2 months; male], father (ABO-C)
38 ACR1 1.6 C, D Normal
68 ACR2, EBV+ 1 Dis, D Normal
80 ACR, Resolving 0.6 Dis, D Normal
138 Portal inﬂammation 0.6 Dis, Fo Normal
292 s/o CR 0.5 Dis, Fo Duct loss, 78%
431 s/o CR 0.6 C,Fo Duct loss, 10%
795 CR, Early 0.4 C,Fo Duct loss, 50%
1145 CR, Early 0.5 C,Fo Duct loss, 20%
1459 CR, persistent 0.4 C, D Duct loss, 25%
Follow-up: No graft loss at POD 1459
Abbreviations; ABO-C, ABO-compatible/identical; ABO-I, ABO-incompatible; ACR, acute cellular rejection (0; indeterminate, 1; mild, 2; moderate, 3;
severe); BD, bile duct; BC, bile canaliculi; C, continuous; CR, chronic rejection; D, diffuse; Dis, discontinuous; EBV, Epstein–Barr virus; Fo, focal; IHC,
immunohistochemistry; ICV, isolated central venulitis; LT, liver transplantation; POD, postoperative day; s/o, suspicious of; T.Bil, total bilirubin.
doi:10.1371/journal.pone.0136381.t002
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predicted by I-TASSER, as shown in Fig 3. Therefore, the short isoform is considered to have
an irregular protein function.
Fig 5. CK7 staining for interlobular bile duct (right panels) and bile canaliculi STK17A staining (left
panels) of serial biopsy specimens in patient 1. STK17A staining. (Postoperative day (POD) 6 and 72)
Linear, continuous, and diffuse staining pattern. (POD 80, 101, and 318) Discontinuous and focal staining
pattern. Scale bar: 20 μm. Arrows in figures point to representative bile canaliculi. CK7 staining. (POD 6) At
the time of acute cellular rejection (ACR) showing interlobular bile ducts with well-defined lumen lined by
cuboidal epithelium, parallel to an arteriole. (POD 80) In addition to the diagnosis of mild ACR, early CR was
suspected due to focal atrophic bile ducts with no well-defined lumen. A = arteriole, PV = portal vein,
P = portal area. Scale bars: 20 μm. (POD 318) Absence of bile ducts in portal tract with periportal hepatocyte
staining. Scale bar: 50 μm.
doi:10.1371/journal.pone.0136381.g005
Fig 6. STK17A staining during ACR and at the time of resolution of ACR. Representative figures
showing linear, continuous, and diffuse STK17A staining seen at the time of ACR (POD 12) and at the time
when ACR was resolved after treatment (POD 103). Scale bars: 20 μm.
doi:10.1371/journal.pone.0136381.g006
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This is the first evidence that STK17A localizes at the bile canaliculi in the liver. A group of
bile salt export pumps such as MDR, BSEP, MRP, etc. is well characterized to locate bile cana-
liculi [28]. The functional significance of localization of STK17A in bile canaliculi is obscure.
STK17A overexpression induces morphological changes similar to apoptosis in NIH3T3 cells,
indicating a role for STK17A in apoptotic signaling [2]. However, the role of STK17A in regu-
lating apoptosis remains controversial. STK17A is found to be a novel p53 target gene, and a
modulator of cisplatin toxicity and reactive oxygen species in testicular cancer cells [29]. On
the other hand, up-regulated STK17A in glioblastomas has been reported, where it was associ-
ated with tumor grade and patient survival [30]. Moreover, STK17A has been found to be over-
expressed in human head and neck squamous cell carcinoma by inhibiting the tumor
suppressive activity of transforming growth factor (TGF)-beta signaling [31].
A recent report shows that death-associated protein kinase 3 (DAPK3), Rho-associated pro-
tein kinase (ROCK), and DRAK kinase regulate the activity of non-muscle myosin II (NM II),
which is essential in the regulation of cell signaling, cell adhesion, and tissue structure through
phosphorylation of the regulatory light chain (RLC) [7,32]. Neubueser et al. confirmed the role
of DRAK inDrosophila, in which DRAK was found to stimulate proper morphogenesis of epi-
thelial cells [7]. Based on previous findings and considering normal physiology, in which intracel-
lular actin and myosin filaments surrounding the bile canaliculi drive secreted biliary fluid along
the canaliculi into the terminal branches of the bile duct system, STK17Amay be involved in
maintaining bile canaliculi structure and functionality, probably through phosphorylation of the
RLC. Therefore, the reduced expression of STK17Amay decrease the assembly of NM II fila-
ments, resulting in impairment of the actin cytoskeleton in bile canaliculi [7,32].
Fig 7. Bile canaliculi BSEP staining in serial biopsies during the course of CR from patient 1. (Donor
liver, POD 6, and POD 72) Linear, continuous, and diffuse staining. (POD 80, 101, and 318) Discontinuous
and focal staining. Scale bars: 20 μm.
doi:10.1371/journal.pone.0136381.g007
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CR is a potentially reversible cause of long-term graft loss [8–13]. However, early diagnosis
of CR is still challenging. Our results of Western blotting and immunohistochemistry demon-
strated that STK17A expression in CR decreased significantly compared to that in donor livers,
which was consistent with the antibody microarray study. The trend of STK17A protein
expression on serial biopsies following CR decreased in bile canaliculi during the progression
of bile canaliculi destruction, as detected by immunohistochemistry. It is likely that the lower
expression of STK17A in the failed allografts due to CR than in the donor livers may reflect the
progression of bile canaliculi destruction seen in serial biopsies of CR cases. Moreover, we com-
pared the STK17A immunohistochemical staining pattern in ACR that progressed to CR with
ACR that resolved, and found considerably higher damage to bile canaliculi in ACR that pro-
gressed to CR.
The etiology of bile canaliculi destruction is not clear; however, direct immune-mediated
damage and ischemic damage as a complication of rejection-related vascular injury have been
suggested [10,19,33,34]. Loss of the portal tract hepatic artery branches and microcirculation
has been found to occur early in CR and to precede bile duct loss [10,33,34]. Additionally, dys-
plastic bile ducts seen in early CR are associated with overexpression of the senescence-related
protein p21 (WAF1/Cip1), which indicates loss of replicative ability and could account for sub-
sequent bile duct loss [10,19].
Since duct loss persisted with the association of the use of regular anti-cellular rejection
therapy, the human leukocyte antigen (HLA) donor specific antibody (DSA) test was per-
formed for considering antibody-mediated pathogenesis. The test was positive in case 3 (HLA
class I-, II + DSA: DR8 = 2209, DQ4 = 21087; POD, 896) and negative in the other 3 cases.
Depiction of any statistical relationship is not possible.
In summary, the localization of STK17A in bile canaliculi is a novel finding. Sequential
STK17A immunohistochemical changes seen in bile canaliculi during the development of CR
suggest a role for STK17A in conserving bile canaliculi morphology. Assessment of STK17A
staining in bile canaliculi could be useful to identify liver recipients who are susceptible to CR.
Overall, our work addresses the role of bile canaliculi in maintaining a well-functioning liver
allograft and provides insight into the pathogenesis of CR after liver transplantation. Validation
of our findings would help in identifying possible molecular mechanisms of CR.
Acknowledgments
We thank Dr. Hiroshi Hiai of the Kyoto Disease Model Institute for constructive discussion.
Author Contributions
Conceived and designed the experiments: MO AM-H. Performed the experiments: MO AS
WA AM-H. Analyzed the data: MO AS AM-H. Contributed reagents/materials/analysis tools:
KT HH AM-H. Wrote the paper: MO AS AM-H.
References
1. Temmerman K, Simon B, Wilmanns M. Structural and functional diversity in the activity and regulation
of DAPK-related protein kinases. FEBS J. 2013; 280: 5533–5550. doi: 10.1111/febs.12384 PMID:
23745726
2. Sanjo H, Kawai T, Akira S. DRAKs, novel serine/threonine kinases related to death-associated protein
kinase that trigger apoptosis. J Biol Chem. 1998; 273: 29066–29071. PMID: 9786912
3. Fitzgerald J, Bateman JF. Why mice have lost genes for COL21A1, STK17A, GPR145 and AHRI: evi-
dence for gene deletion at evolutionary breakpoints in the rodent lineage. Trends Genet. 2004; 20:
408–412. doi: 10.1016/j.tig.2004.07.002 PMID: 15313548
STK17A in Bile Canaliculi in Liver Allografts
PLOS ONE | DOI:10.1371/journal.pone.0136381 August 25, 2015 13 / 15
4. Kojima H, Nemoto A, Uemura T, Honma R, Ogura M, Liu Y. rDrak1, a novel kinase related to apoptosis,
is strongly expressed in active osteoclasts and induces apoptosis. J Biol Chem. 2001; 276: 19238–
19243. doi: 10.1074/jbc.M101023200 PMID: 11279167
5. Fu D, Wakabayashi Y, Ido Y, Lippincott-Schwartz J, Arias IM. Regulation of bile canalicular network for-
mation and maintenance by AMP-activated protein kinase and LKB1. J Cell Sci. 2010; 123: 3294–
3302. doi: 10.1242/jcs.068098 PMID: 20826460
6. Woods A, Heslegrave AJ, Muckett PJ, Levene AP, Clements M, Mobberley M, et al. LKB1 is required
for hepatic bile acid transport and canalicular membrane integrity in mice. Biochem J. 2011; 434: 49–
60. doi: 10.1042/BJ20101721 PMID: 21118154
7. Neubueser D, Hipfner DR. Overlapping roles of Drosophila Drak and Rok kinases in epithelial tissue
morphogenesis. Mol Biol Cell. 2010; 21: 2869–2879. doi: 10.1091/mbc.E10-04-0328 PMID: 20573980
8. Musat AI, Agni RM,Wai PY, Pirsch JD, Lorentzen DF, Powell A, et al. The significance of donor-specific
HLA antibodies in rejection and ductopenia development in ABO compatible liver transplantation. Am J
Transplant. 2011; 11: 500–510. doi: 10.1111/j.1600-6143.2010.03414.x PMID: 21342448
9. Demetris A, Adams D, Bellamy C, Blakolmer K, Clouston A, Dhillon AP, et al. Update of the Interna-
tional Banff Schema for Liver Allograft Rejection: working recommendations for the histopathologic
staging and reporting of chronic rejection. An International Panel. Hepatology. 2000; 31: 792–799. doi:
S0270913900418379 [pii].] PMID: 10706577
10. Neil DA, Hubscher SG. Histologic and biochemical changes during the evolution of chronic rejection of
liver allografts. Hepatology. 2002; 35: 639–651. doi: S0270913902967595 [pii]. PMID: 11870379
11. Salah A, Fujimoto M, Yoshizawa A, Yurugi K, Miyagawa-Hayashino A, Sumiyoshi S, et al. Application
of complement component 4d immunohistochemistry to ABO-compatible and ABO-incompatible liver
transplantation. Liver Transpl. 2014; 20: 200–209. doi: 10.1002/lt.23789 PMID: 24470446
12. Blakolmer K, Jain A, Ruppert K, Gray E, Duquesnoy R, Murase N, et al. Chronic liver allograft rejection
in a population treated primarily with tacrolimus as baseline immunosuppression: long-term follow-up
and evaluation of features for histopathological staging. Transplantation. 2000; 69: 2330–2336. PMID:
10868635
13. Lautenschlager I, Hockerstedt K, Jalanko H, Loginov R, Salmela K, Taskinen E, et al. Persistent cyto-
megalovirus in liver allografts with chronic rejection. Hepatology. 1997; 25: 190–194. PMID: 8985289
14. Fernandez I, Ulloa E, Colina F, Abradelo M, Jimenez C, Gimeno A, et al. Incidence, risk factors, and
outcome of chronic rejection during antiviral therapy for posttransplant recurrent hepatitis C. Liver
Transpl. 2009; 15: 948–955. doi: 10.1002/lt.21780 PMID: 19642125
15. Ueda Y, Kaido T, Ito T, Ogawa K, Yoshizawa A, Fujimoto Y, et al. Chronic rejection associated with anti-
viral therapy for recurrent hepatitis C after living-donor liver transplantation. Transplantation. 2014; 97:
344–350. doi: 10.1097/01.TP.0000435702.61642.0a PMID: 24157473
16. Miyagawa-Hayashino A, Yoshizawa A, Uchida Y, Egawa H, Yurugi K, Masuda S, et al. Progressive
graft fibrosis and donor-specific human leukocyte antigen antibodies in pediatric late liver allografts.
Liver Transpl. 2012; 18: 1333–1342. doi: 10.1002/lt.23534 PMID: 22888064
17. O'Leary JG, Kaneku H, Susskind BM, Jennings LW, Neri MA, Davis GL, et al. High mean fluorescence
intensity donor-specific anti-HLA antibodies associated with chronic rejection Postliver transplant. Am J
Transplant. 2011; 11: 1868–1876. doi: 10.1111/j.1600-6143.2011.03593.x PMID: 21672151
18. Blakolmer K, Seaberg EC, Batts K, Ferrell L, Markin R, Wiesner R, et al. Analysis of the reversibility of
chronic liver allograft rejection implications for a staging schema. Am J Surg Pathol. 1999; 23: 1328–
1339. PMID: 10555001
19. Lunz JG 3rd, Contrucci S, Ruppert K, Murase N, Fung JJ, Starzl TE, et al. Replicative senescence of
biliary epithelial cells precedes bile duct loss in chronic liver allograft rejection: increased expression of
p21(WAF1/Cip1) as a disease marker and the influence of immunosuppressive drugs. Am J Pathol.
2001; 158: 1379–1390. doi: S0002-9440(10)64089-8 [pii]. PMID: 11290556
20. WangM, Marin A. Characterization and prediction of alternative splice sites. Gene. 2006; 366: 219–
227. doi: S0378-1119(05)00411-7 [pii]. PMID: 16226402
21. Kosugi S, Hasebe M, Tomita M, Yanagawa H. Systematic identification of cell cycle-dependent yeast
nucleocytoplasmic shuttling proteins by prediction of composite motifs. Proc Natl Acad Sci U S A. 2009;
106: 10171–10176. doi: 10.1073/pnas.0900604106 PMID: 19520826
22. Zhang Y. I-TASSER server for protein 3D structure prediction. BMC Bioinformatics. 2008; 9: 40-2105-
9-40. doi: 10.1186/1471-2105-9-40
23. Katoh K, Standley DM. MAFFTmultiple sequence alignment software version 7: improvements in per-
formance and usability. Mol Biol Evol. 2013; 30: 772–780. doi: 10.1093/molbev/mst010 PMID:
23329690
STK17A in Bile Canaliculi in Liver Allografts
PLOS ONE | DOI:10.1371/journal.pone.0136381 August 25, 2015 14 / 15
24. House AE, Lynch KW. Regulation of alternative splicing: more than just the ABCs. J Biol Chem. 2008;
283: 1217–1221. doi: R700031200 [pii]. PMID: 18024429
25. Treyer A, Musch A. Hepatocyte polarity. Compr Physiol. 2013; 3: 243–287. doi: 10.1002/cphy.c120009
PMID: 23720287
26. Bellizzi AM, LeGallo RD, Boyd JC, Iezzoni JC. Hepatocyte cytokeratin 7 expression in chronic allograft
rejection. Am J Clin Pathol. 2011; 135: 238–244. doi: 10.1309/AJCPNRXCAP92KNOJ PMID:
21228364
27. Taylor SS, Keshwani MM, Steichen JM, Kornev AP. Evolution of the eukaryotic protein kinases as
dynamic molecular switches. Philos Trans R Soc Lond B Biol Sci. 2012; 367: 2517–2528. doi: 10.1098/
rstb.2012.0054 PMID: 22889904
28. Lam P, Soroka CJ, Boyer JL. The bile salt export pump: clinical and experimental aspects of genetic
and acquired cholestatic liver disease. Semin Liver Dis. 2010; 30: 125–133. doi: 10.1055/s-0030-
1253222 PMID: 20422495
29. Mao P, Hever MP, Niemaszyk LM, Haghkerdar JM, Yanco EG, Desai D, et al. Serine/threonine kinase
17A is a novel p53 target gene and modulator of cisplatin toxicity and reactive oxygen species in testic-
ular cancer cells. J Biol Chem. 2011; 286: 19381–19391. doi: 10.1074/jbc.M111.218040 PMID:
21489989
30. Mao P, Hever-Jardine MP, Rahme GJ, Yang E, Tam J, Kodali A, et al. Serine/threonine kinase 17A is a
novel candidate for therapeutic targeting in glioblastoma. PLoS One. 2013; 8: e81803. doi: 10.1371/
journal.pone.0081803 PMID: 24312360
31. Park Y, KimW, Lee JM, Park J, Cho JK, Pang K, et al. Cytoplasmic DRAK1 overexpressed in head and
neck cancers inhibits TGF-beta1 tumor suppressor activity by binding to Smad3 to interrupt its complex
formation with Smad4. Oncogene. 2014. doi: 10.1038/onc.2014.423
32. Vicente-Manzanares M, Ma X, Adelstein RS, Horwitz AR. Non-muscle myosin II takes centre stage in
cell adhesion and migration. Nat Rev Mol Cell Biol. 2009; 10: 778–790. doi: 10.1038/nrm2786 PMID:
19851336
33. Matsumoto Y, McCaughan GW, Painter DM, Bishop GA. Evidence that portal tract microvascular
destruction precedes bile duct loss in human liver allograft rejection. Transplantation. 1993; 56: 69–75.
PMID: 8333070
34. Oguma S, Belle S, Starzl TE, Demetris AJ. A histometric analysis of chronically rejected human liver
allografts: insights into the mechanisms of bile duct loss: direct immunologic and ischemic factors.
Hepatology. 1989; 9: 204–209. doi: S0270913989000352 [pii]. PMID: 2643544
STK17A in Bile Canaliculi in Liver Allografts
PLOS ONE | DOI:10.1371/journal.pone.0136381 August 25, 2015 15 / 15
